Vagus nerve stimulation (VNS) is an approved treatment for epilepsy and depression and has cognitionenhancing effects in patients with Alzheimer's disease. The hippocampus is widely recognized to be related to epilepsy, depression, and Alzheimer's disease. One possible mechanism of VNS involves its effect on the hippocampus ; i.e. it increases the release of noradrenaline in the hippocampus. However, the effect of VNS on synaptic transmission in the hippocampus is unknown. To determine whether VNS modulates neurotransmission in the hippocampus, we examined the effects of VNS on perforant path (PP)-CA3 synaptic transmission electrophysiologically in anaesthetized rats. VNS induces a persistent enhancement of PP-CA3 field excitatory post-synaptic potentials (fEPSPs). Arc, an immediate early gene, was used to identify active brain regions after VNS. The locus coeruleus (LC), which contains the perikarya of noradrenergic projections, harboured more Arc-positive cells, as measured by in-situ hybridization, after 10-min VNS. In addition, electrical lesions of LC neurons or intraventricular administration of the b-adrenergic receptor antagonist timolol prevented the enhancement of PP-CA3 responses by VNS. In conclusion, the protracted increase in PP-CA3 synaptic transmission that is induced by VNS entails activation of the LC and b-adrenergic receptors. Our novel findings suggest that information from the periphery modulates synaptic transmission in the CA3 region of the hippocampus.
Introduction
Vagus nerve stimulation (VNS) was developed originally as a treatment for epilepsy (Ramsay et al. 1994 ; Wilder et al. 1991) and has recently been approved as a therapy for refractory depression (Nemeroff et al. 2006) . A 12-month randomized, controlled, acutephase trial showed favourable responses in patients with treatment-resistant depression who received VNS (Rush et al. 2005) . In addition to these disorders, VNS might be associated with enhanced recognition memory ; VNS improves performance on memory tasks in rats (Clark et al. 1995 (Clark et al. , 1998 and modulates memory in humans (Clark et al. 1999) . VNS also has cognition-enhancing effects in patients with Alzheimer's disease (Sjogren et al. 2002) . However, its effects on cellular function are unknown.
Vagal afferents primarily innervate the nucleus of the solitary tract (NTS), and the NTS projects to the locus coeruleus (LC), which contains the perikarya of noradrenergic projections. VNS increases firing rates (Groves et al. 2005 ) and c-fos expression in LC neurons (Naritoku et al. 1995) in rats. Furthermore, in microdialysis experiments, rats that received VNS showed increased extracellular concentrations of noradrenaline in the hippocampus and cerebral cortex (Roosevelt et al. 2006) . However, it is unknown how VNS-induced noradrenaline release mediates antidepressant and anti-dementia activities.
The hippocampus is important for learning and memory. Hippocampal lesions induce memory deficits in humans (Scoville & Milner, 1957) and animals (Nadel et al. 1975) . Hippocampal synaptic plasticity is widely recognized as a cellular mechanism of learning and memory (Bennett, 2000 ; Bliss & Collingridge, 1993 ; Malenka & Nicoll, 1999) . In particular, the CA3 region of the hippocampus is believed to influence memory because this area may act as an autoassociative device, based on its extensive recurrent excitatory connections, which permit pattern completion and recollection (Marr, 1971 ; McNaughton & Morris, 1987 ; Treves & Rolls, 1992 . CA3 pyramidal neurons are the first hippocampal neurons to respond to perforant path (PP) activation, often preceding the firing of dentate gyrus (DG) granule cells (Breindl et al. 1994 ; Yeckel & Berger, 1990) . Selective lesions of the PP-CA3 synapse impair spatial memory retrieval (Lee & Kesner, 2004) .
The hippocampus is also believed to be one of several brain structures that are involved in epilepsy. Mossy fibres project through the dentate hilus to the CA3 region of the hippocampus (Blaabjerg & Zimmer, 2007) . However, in the hippocampi of patients with related models of temporal lobe epilepsy (El Bahh et al. 1999 ; Isokawa et al. 1993 ; Represa et al. 1989 ) and limbic epilepsy (Muramatsu et al. 2010 ; Sutula et al. 1998) , hippocampal mossy fibres project abnormally towards the CA3 region.
The hippocampus also mediates depression. Magnetic resonance imaging (Videbech & Ravnkilde, 2004 ) studies have demonstrated that hippocampal volumes are small in depressed patients (Campbell et al. 2004 ; Videbech & Ravnkilde, 2004) and that chronic stress decreases the dendritic length of hippocampal cells and cell proliferation in the subgranular zone (Bessa et al. 2009 ). In contrast, antidepressants enhance hippocampal synaptic plasticity and reverse stress-induced neuronal atrophy (Clark et al. 2009 ; Hodes et al. 2010) . Chronic antidepressant therapy increases the number of brain-derived neurotrophic factor (BDNF)-immunoreactive cells in the CA3 region of the hippocampus, and exogenous BDNF injections into the CA3 area had antidepressantlike effects in an animal model (Shirayama et al. 2002) .
Therefore, in this study, we investigated whether VNS influences PP-CA3 synaptic transmission in anaesthetized rats.
Materials and methods

Animals
All experiments were conducted according to the Guide for the Care and Use of Laboratory Animals of The University of Tokyo. Male Sprague-Dawley rats (SLC, Japan), weighing 300-360 g throughout the experiment, were housed in group cages under standard laboratory conditions [12-h light/dark cycle (lights on 07 : 00 hours) with free access to food and water]. All efforts were made to minimize animal suffering and reduce the number of animals that were used.
Vagus nerve-stimulating electrodes
Rats were anaesthetized by intraperitoneal injection of 1.5 g/kg urethane. A ventral midline incision was made on the neck by using surgical techniques. The skin and muscles were retracted, and the left carotid artery was identified. After the left cervical vagus nerve was dissected from the carotid artery, the stimulating electrodes (thin stainless-steel needles insulated with epoxy resin, except for the point of contact with the vagus nerve) were wrapped around the nerve. To prevent the effect of vagal efferents, the vagus nerve was ligated to the periphery 4 mm from the electrodes.
Output currents of 1 mA were delivered at 20-Hz frequency and 500-ms pulsewidth for 600 pulses, based on their antidepressant-like effects in rats (Krahl et al. 2004) , for 10 min. Control animals underwent the same surgical procedure with leads that were connected to a pulse generator.
Electrophysiological experiments
After the rats underwent surgery for implantation of vagus nerve stimulating electrodes, they were fixed in a stereotaxic frame under anaesthesia. To record field excitatory post-synaptic potentials (fEPSPs), a tungsten recording electrode (Frederick Haer, USA) was inserted into the hippocampal CA3 region (3.8 mm posterior and 3.7 mm lateral to bregma), and stimulating electrodes (thin, stainless-steel needles coated with epoxy resin, except for the 60-mm tip) were placed at the PP (8.1 mm posterior and 4.4 mm lateral to bregma). A single-pulse test stimulation (duration 80 ms) was delivered to generate an fEPSP with a slope of approximately 50 % of the maximum. Waveforms were collected using LabVIEW software and analysed offline (Miyamoto et al. 2010) . The fEPSP slopes were assessed, because they reflect excitatory synaptic strength while population spike amplitude indicates synaptic strength and neuronal firing efficiency (Bliss et al. 1983) .
For electrolytic lesion of the LC, holes were drilled bilaterally 3.4 mm posterior and 1.4 mm lateral to lambda. A stainless-steel monopolar electrode was angled 15x in the posteroanterior direction and lowered to 6.8 mm below the surface of the skull (Bernuci et al. 2008) . A constant anodal current of 1.0 mA was applied for 10 s.
Timolol (Sigma, USA) was dissolved in phosphatebuffered artificial cerebrospinal fluid (aCSF, in mM): 1.2 CaCl 2 , 1.2 Na 2 HPO 4 , 0.3 NaH 2 PO 4 , 3.4 KCl, 140 NaCl). Timolol (400 nmol/20 ml, 20 mM) solution or equivalent aCSF was administered into the lateral ventricle over 5 min through a stainless-steel cannula (200 mm in diameter). The coordinates were as follows : 0.8 mm posterior to bregma, 1.4 mm lateral to midline, and 3.0 mm from brain surface.
Fluorescence in-situ hybridization and confocal microscopy Rats were sacrificed by decapitation using a rodent guillotine after 10 min of VNS. Coronal brain sections (20 mm) were prepared on a cryostat (HM520 ; Thermo Fisher Scientific, USA). Digoxigenin-labelled antisense and sense riboprobes were generated from Arc cDNA plasmids by using MAXIScript (Ambion, USA). The sense riboprobes did not elicit hybridization signals.
In-situ hybridization was performed as described previously (Guzowski et al. 1999 ; Toyoda et al. 2010) . Briefly, sections were thawed, fixed in cold 4 % paraformaldehyde, acetylated with 1.5 % triethanolamine and 0.5 % acetic anhydride, and incubated with cold 50 : 50 % acetone/methanol. After a prehybridization step, the sections were hybridized with the riboprobes. Endogenous peroxidase activity was quenched with 2 % H 2 O 2 , and the sections were blocked with 0.5 % TSA blocking reagent (PerkinElmer, USA) and incubated with peroxidase-conjugated anti-digoxigenin (1 : 500 ; Roche, Switzerland). The conjugate was detected using the Fluorescein TSA Plus System (1 : 10, PerkinElmer). The nuclei were counterstained with propidium iodide (10 mM ; Molecular Probes, USA).
Images were captured with confocal microscopes (MRC-1024 ; Bio-Rad, USA), using a 60r objective (NA 1.2, water immersion). Areas of analysis were z-sectioned in 1-mm optical sections. Only cells that contained whole nuclei were included in the analysis. Only presumptive neurons, whose nuclei were large and stained diffusely with propidium iodide, were included in the analysis.
Data analysis
Data are expressed as mean (S.E.M.) in all measurements. Statistical analysis was performed using Student's t test or a paired t test.
Results
VNS enhances PP-CA3 synaptic transmission
To determine whether VNS contributes to PP-CA3 synaptic transmission, we recorded fEPSPs that were evoked by single-pulse stimulation of the PP in the CA3 region of anaesthetized rats. After a stable fEPSP was recorded for more than 20 min, the vagus nerve was stimulated with a 1-mA current for 10 min. The fEPSP did not change during VNS (vs. before VNS, p=0.48) but increased after VNS (Fig. 1a) , persisting for at least 40 min (p=0.015, Fig. 1 b, c) . VNS alone did not induce potentials in the CA3 region (data not shown).
The LC and b-adrenergic receptors are necessary for VNS-induced PP-CA3 potentiation Vagal afferents and the primary projection region -the NTS -are not connected directly to the hippocampus, indicating that other areas of the brain relay vagus nerve impulses to the hippocampus. To identify the 
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http://ijnp.oxfordjournals.org/ area of the brain that is activated by VNS, the expression of Arc, an activity-dependent immediate early gene, was measured by fluorescence in-situ hybridization. VNS increased the number of Arc-positive neurons in the bilateral NTS (left, p=0.00034 ; right, p=0.0031, Fig. 2 a, b ) and left LC (left, p=0.00069 ; right, p=0.055).
To determine whether the LC is necessary for VNS-induced augmentation of PP-CA3 synaptic transmission, we examined the effects of VNS in LC-lesioned rats. Electrolytic lesions were created in the bilateral LC before the electrophysiological experiments. Lesions in the LC inhibited VNS-induced fEPSP potentiation (p=0.0027, Fig. 1 a, b) .
The LC contains many noradrenergic neurons that innervate the forebrain, including the hippocampal CA3 area (Barnes et al. 2003) . Immunohistochemical studies have demonstrated the existence of b-adrenergic receptors in nearly all CA3 pyramidal neurons (Paschalis et al. 2009 ) and CA3 interneurons (Cox et al. 2008) . To determine whether b-adrenergic receptor activation is necessary for VNS-induced augmentation of PP-CA3 synaptic transmission, we examined the effects of the b-adrenergic receptor antagonist timolol. Timolol (400 nmol/20 ml) was administered intracerebroventricularly 20 min before VNS. The PP-CA3 fEPSP increased after VNS in vehicle-treated rats (p=0.019, Fig. 3 a, b) . This enhancement lasted for at least 55 min after VNS onset (p=0.032). In contrast, VNS had no such effects in timolol-treated rats (p=0.46). The fEPSP that was generated on VNS in timolol-treated rats was significantly lower than in control rats (p=0.019). We also examined the effect of timolol on basal level of the fEPSP. Timolol administration alone had little effects on potentials in the CA3 region (96.6¡2.2 %).
Discussion
In this study, we have demonstrated that a 10-min stimulation of vagal afferents induces a persistent enhancement in PP-CA3 synaptic transmission. In addition, we observed that this enhancement of the hippocampal CA3 region is mediated by the LC and activation of b-adrenergic receptors.
Traditionally, the vagus nerve has been believed to regulate parasympathetic functions, such as gastric function. Today, the consensus is that the vagus nerve consists of two types of fibres -80 % of fibres carry afferent (sensory) information and 20 % carry efferent (motor) information (Foley & DuBois, 1937) . The afferent vagal pathway in the central nervous system has not been well described. Our finding is novel evidence that the periphery mediates synaptic transmission in the hippocampus, constituting a possible mechanism that underlies the clinical effects of VNS. Noradrenergic modulation mediates VNS-induced augmentation of synaptic transmission in the hippocampus. Vagal afferents primarily innervate the NTS (Kalia & Sullivan, 1982) but not the hippocampus. There is no direct pathway from the NTS to the hippocampus, indicating that the enhanced synaptic transmission in the hippocampus is mediated by other areas of the brain.
In our study, Arc, an activity-regulated immediate early gene (Bramham et al. 2008) , was detected by in-situ hybridization. VNS increased Arc expression in the NTS and LC, consistent with the finding that VNS raises the number of Fos-positive cells in the LC and NTS (Cunningham et al. 2008) . The LC receives strong innervations from the NTS (Barnes et al. 2003 ; Van Bockstaele et al. 1999) . VNS increases the firing rate of LC neurons (Dorr & Debonnel, 2006) . Moreover, we have observed that glutamate-induced activation of the LC augments PP-CA3 synaptic transmission (N. Zhang & N. Matsuki, unpublished data). Our study also shows that electrolytic lesions of the bilateral LC abolish VNS-induced enhancements in PP-CA3 fEPSPs. These findings suggest that VNS augments the fEPSP of the hippocampal CA3 area through the LC.
Microdialysis experiments have demonstrated that noradrenaline release increases in the hippocampi of rats that receive VNS (Roosevelt et al. 2006) . The noradrenaline system of the LC, mediated by b-adrenergic receptors, regulates synaptic plasticity in the hippocampus (Harley, 1987 ; Sara, 2009) . To determine whether activation of b-adrenergic receptors is necessary for VNS-induced PP-CA3 potentiation, the b-adrenergic receptor antagonist timolol was administered to the cerebroventricle before VNS. Although timolol had no effect on basal transmission, it inhibited VNS-induced PP-CA3 potentiation. These findings indicate that VNS evokes PP-CA3 potentiation through b-adrenergic receptors. Because acute VNS affects synaptic transmission, chronic VNS may induce more robust or long-lasting effects. Timolol administration alone had little effect on fEPSP, indicating that in the PP-CA3 synapse there is not a tonic release of noradrenaline sufficient to activate b receptors.
The CA3 neurons receive three prominent forms of excitatory synaptic input. CA3 neurons receive direct input from layer II of the entorhinal cortex via the PP. The second inputs also come from the dentate granule cells via mossy fibres. The third prominent input comes from the axons of other CA3 neurons. As for the selective response of the PP-CA3 pathway triggered by VNS, the waveform before and after enhancement is important evidence favouring our findings. We observed that the duration from artifact to negative peak is about 5 ms. This indicates that VNS excites the monosynaptic response in CA3 neurons via PP fibres, because the disynaptic response in the CA3 region exhibited a delay in the range of 7-10 ms (Hussain & Carpenter, 2003) . Thus it seems the negative field potential arose from PP-CA3 synaptic input and not from volume conductance from the DG. Further, in current source density analysis, we checked that the sink current was recorded in the lacunosum moleculare and the source current was recorded in the pyramidal cell layer of the CA3 region (data not shown). This also argues that VNS-induced potentiation of the fEPSP is acting directly on PP-CA3 synaptic input.
Our finding that VNS induces synaptic potentiation might reflect the mechanisms that govern the VNSmediated effects on emotion, learning, and memory. The hippocampus controls learning and memory, and plastic changes in hippocampal synaptic transmission are widely recognized to be a model of learning and memory (Martin et al. 2000) . Associative learning induces synaptic potentiation in the hippocampus (Whitlock et al. 2006) , and the inhibition of synaptic changes impairs memory acquisition (Grant et al. 1992) . Therefore, VNS-induced potentiation may induce a robust memory trace.
In addition, the hippocampus is a central structure that mediates the therapeutic effects of various classes of antidepressants (Blier & de Montigny, 1994) . Hippocampal deterioration that is caused by depression or stress may be reversed by antidepressants (Gould et al. 1998 ; Sheline et al. 1996) . Antidepressants also enhance hippocampal activity (Kobayashi et al. 2008) . Long-term VNS-induced synaptic potentiation might produce effects that are similar to those of antidepressants.
The exact mechanisms that underlie the efficacy of VNS in pharmacoresistant epilepsy are not known. The effect of VNS on synaptic enhancement via release of noradrenaline does not explain the efficacy of VNS in epilepsy, but noradrenaline might have biphasic functions in the brain. Noradrenaline typically has excitatory effects on pyramidal and granule cells (Harley, 2007) . However, higher concentrations of noradrenaline inhibit the amplitudes of population spikes in hippocampal CA1 cells, which involves a 1 receptors (Mynlieff & Dunwiddie, 1988) . Noradrenaline also increases spontaneous inhibitory postsynaptic potentials of granule cells in the hippocampus (Bijak & Misgeld, 1995) . The anti-epileptic effects of VNS might be attributed to tightly controlled biphasic effects of noradrenaline.
In conclusion, we have demonstrated that VNS induces protracted PP-CA3 potentiation through the LC and b-adrenergic receptor activation. This synaptic potentiation might underlie the clinical mechanisms of the antidepressant and anti-dementia effects of VNS.
